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The total C02 concentration and total alkalinity were determined in about 
four hundred water samples collected at 17 stations during the SONNE Cruise 
102, May-June, 1995, in the southeastern Pacific near Chilean coasts. The water 
samples were shipped to the land-based laboratory at Lamont-Doherty Earth 
Observatory for analyses. The total C02 concentration was determined by 
coulometry with a precision of about _+ 1.0 pmol/kg. Analyses of SIO Certified 
Reference Solutions along with the SONNE samples show that our results are 
consistent with the Keeling’s manometric C02 measurements within 1.4 
pmol/kg. The total alkalinity was determined by a new method: the total C02 
concentration in a water sample was determined immediately after pC02 was 
measured in a sample bottle at 20.0 °C, and these values were used to compute 
the total alkalinity. Two different sets of the dissociation constants for 
carbonic, boric, phosphoric and silicic acids in seawater were used for the 
computation, and the two sets of alkalinity values are presented in the data 
tables. The precision of the computed alkalinity values in each set has been 
estimated to be about _+ 2 peq/kg on the basis of deep water values. However, 
the alkalinity values computed using the dissociation constants listed in the 
DOE Handbook (1994) are systematically smaller by about 7 peq/kg than those 
computed using the dissociation constants selected by Peng et al. (1987). The 
alkalinity values computed using Peng, et al. scheme are about 3.5 peq/kg 
smaller than those determined titrimetrically by A. G. Dickson for SIO 
Reference Solutions. 
The distribution of total alkalinity and total C02 concentration in the water 
column is governed primarily by mixing of major water masses which include 
the Subtropical Underwater (centered around 200 meters), AAIW (centered 
around 600 meters), North Pacific Return Water (centered around 2500 
meters) and AABW. The alkalinity increases with depth rapidly from surface 
water values of about 2270 peq/kg to about 2375 peq/kg at 1500 meters, and 
exhibits a broad maximum (about 2420 peq/kg) centered around 3000 meters. 
The total C02 concentration increases with depth from the surface value of 
about 2020 pmol/kg to about 2315 pmol/kg at 2000 meters exhibiting a broad 
maximum at this depth and decreases to about 2300 umol/kg at the sea floor. 
The decrease of alkalinity and total C02 concentration toward the sea floor is 
more prominent at the southwestern stations, and this is attributed to the influx 
of AABW. However, at the Chile Trench station, Station 3348, the signals for 
AABW are weak at 5000 meters. 
The hydrographic data merged with the alkalinity and total C02 data are 
listed in the data tables at the end of this report. 
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This report summarizes the results of measurements of total C02 
concentration and alkalinity in about 400 water samples collected during the 
SONNE Cruise # 102, May-June, 1995, in the eastern South Pacific Ocean near 
the coast of Chile. The area of the investigation includes highly productive 
coastal upwelling zones, the Peru Current, and deep water areas between 28°S 
and 43°S latitude and between 72°W and 88°W longitude. The stations are 
arranged along three east-west sections at 28°S, 35°S and 43°S nearly 
perpendicular to the Chilean coast. The locations of 17 stations where the 
C02-alkalinity samples were collected are shown in Fig. 1. 
2. METHODS OF MEASUREMENTS 
2-a) Water Samples: 
Samples for TC02 and alkalinity analyses were drawn from the Niskin 
bottles of the rosette casts directly into 250 ml Pyrex glass reagent bottles with 
ground standard-taper stoppers, sealed with silicone vacuum grease. 
Immediately after sample collection, 200 ^1 of 50% saturated mercuric chloride 
solution was added to prevent biological alteration of TC02 and alkalinity 
during storage and shipment to the land-based laboratory of the 
Lamont-Doherty Earth Observatory (LDEO). The measurements were made 
about 8 months later in January through February, 1996. 
2-b) Total C02 Concentrations: 
The coulometric analysis system which was used to measure the total C02 
concentration in seawater samples (TC02) is described by Chipman et al. 
(1993) and is summarized below. This system consists of a coulometer (Model 
5011) manufactured by UIC Inc. (Jolliet, IL) and a sample introduction/C02 
extraction system of LDEO design. A precisely known mass of seawater sample 
(ranging between 18 and 21 grams) is introduced manually through a rubber 
seotum into a C02 extraction vessel using a syringe equipped with a needle and 
a small valve. The mass of water sample used for analysis was determined by 
weighing the syringe before and after a sample injection with a high precision 
balance. Repeated measurements yielded a precision of _+_0.03%. 
The seawater sample in the extraction vessel is acidified with -1 ml of 
8.5% phosphoric acid introduced through a sidearm of the extraction chamber. 
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Fig. 1 Station locations, where the water samples for C02-alkalinity 
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The evolved C02 is stripped from the sample and transfered into the 
electrochemical cell of the C02 coulometer by a stream of C02-free air. In the 
coulometer cell, the C02 is quantitatively absorbed by a solution of 
ethanolamine in dimethylsulfoxide (DMSO). Reaction between the C02 and 
the ethanolamine forms the weak hydroxyethylcarbamic acid. The pH change 
of the solution associated with the formation of this acid results in a color 
change of the thymolphthalein pH indicator in the solution. The color change, 
from deep blue to colorless, is detected by a photodiode, which continually 
monitors the transmissivity of the solution. The electronic circuitry of the 
coulometer, on detecting the change in the color of the pH indicator, causes a 
current to be passed through the cell, electro-generating hydroxyl (OH ) ions 
from a small amount of water in the solution. The OH' generated titrates the 
acid, returning the solution to its original pH (and hence color), at which point 
the circuitry interrupts the current flow. The product of current passed through 
the cell and time is related by the Faraday constant to the number of moles of 
OH' generated to titrate the acid and hence to the number of moles of C02 
absorbed to form the acid. A thermostated double walled titration cell is used 
to extract the heat generated in the cell during titration. This eliminates the 
shifting of the endpoint of the titration due to change in temperature of the cell 
solutions. 
The coulometer is calibrated using research grade C02gas (99.998% 
pure) introduced into the carrier gas line upstream of the extraction chamber 
using two fixed-volume sample loops alternately on a gas sampling valve. The 
filled loops are vented to the atmosphere, and the barometric pressure was 
measured using a high precision electronic barometer. The loop temperatures 
are measured to j+^0.02 °C with a thermometer calibrated against one traceable 
to NIST, and the non-ideality of C02 is incorporated in the computation of the 
loop contents. The volume of the loops was initially determined by the weight 
difference between the loop/injection valve assembly empty and filled with 
water. Repeated measurements indicate that the volumes of the loops are 
precise to jt.0-02%. The coulometer is calibrated several times daily using the 
gas sampling system described above. 
The calibration factor, which represents the ratio between the number of 
moles of C02 in the loop and the reading of the coulometer, changes during the 
use of a titration cell. Depending upon the condition of the coulometric 
solution in the titration cell, the calibration factor varies around the ideal ratio 
of unity by a few tenths of a percent. Fig. 2 shows the typical variation of the 
calibration factor as a function of the cumulative amount of C02 titrated by a 
cell and indicates that it may be represented by a quadratic form. If changes in 
the calibration factor were not taken into consideration, a systematic error of 
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Fig. 2 Change in the coulometer calibration factor as a function of the amount 
of C02 titrated. The change is expressed in terms of the ratio (Moles of C02 
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as much as 4 to 5 pmol/kg would be introduced between the samples analyzed 
in the early and late stages of a single coulometric solution. Accordingly, the 
C02 concentration in each seawater sample was determined using a calibration 
factor estimated from an equation fit to the calibration data obtained for each 
titration cell. Generally, a titration cell needs to be cleaned and filled with new 
solution after about 40 samples are analyzed. Beyond this number of analyses, 
the cell begins to behave erratically yielding unreliable analytical results. The 
working equation used for computing the coulometer/cell calibration factor 
(CF) is as follows. 
CF = (12.011 *10*) *PA *[LPV *(1 + 3 *<x) *(TK(calib)-TK(Ip))] / 
{MV(C02) *[RD-(TM *BL)]} 
where 
Atomic weight (in pgrams) of carbon. 
Pressure (in atm) of C02 gas in loop at time of calibration. 
Volume of calibration valve loop (in ml) at TK(lp), 
Linear thermal expansion coefficient of stainless steel, 
1.73 *10-5 °K \ 
Temperature (in°K) at which loop volume was determined, 
Temperature (in °K) of C02 in loop at time of calibration, 
Molar volume of C02 (in ml) at temperature of calibration, 
Coulometer reading (in pgrams-carbon), 
Length of calibration run (in minutes), and 
Instrumental blank (or background) rate (in 
pgrams of carbon/min). 
The following relationships were used for the computation of the total 
C02 concentration in seawater samples using the coulometer; 
TCO, (pmol/kg) = CF *DF *[RD-AB-(TM *BL)]/(12.011 *WT) 
where 
CF = Calibration factor of coulometer/cell combination interpolated to 
the time when the measurement was made. 
DF = Dilution factor to account for dilution of seawater sample by 
C02-free mercuric chloride poisoning solution: 
DF = [(sample volume) + (poison volume)]/(sample volume) 
= 1.0008 for 200 pi of mercuric chloride solution in 250 ml sample. 










RD = Coulometer reading (in pgrams of carbon). 
AB = Acid blank (in digrams) of carbon to account for a small amount 
of C02 in phosphoric acid solution added to sample; determined by 
measuring C02 stripped from larger volume of acid, typically less 
than 0.03% of amount of C02 in seawater sample. 
TM = Length of analytical run (in minutes). 
BL = Instrumental blank rate (in digrams of carbon/min.), typical blank 
rate being 0.01 to 0.02 pgrams of carbon/min.; the maximum 
acceptable blank rate of 0.05 grams of carbon/min results in a 
correction of about 0.1 % over the normal length of an analytical 
run. 
WT = Mass (or weight) of seawater sample (in kg) injected into stripping 
chamber, determined by weighing injection syringe on high 
orecision balance before and after injection. 
12.011 = Atomic weight (in grams) of carbon. 
2-c) Analyses of Certified Reference Solutions for TC02: 
For the purpose of quality control of the total C02 analyses, Scripps 
Instituion of Oceanography (SIO) Reference Solutions (Batches # 25 and 30) 
were measured 63 times along with the SONNE samples. The results of the 
coulometric determinations of the total C02 concentration in the SIO 
Reference solutions are summarized and compared, in Fig. 3 and Table 1, with 
those of the manometric determinations made by C. D. Keeling of SIO. The 
difference between the mean values for these two independent sets of 
measurements ranges between + 1.4 and -0.6 pmol/kg. Based upon 1) this 
observation, 2) the consistency of the results of this investigation and 3) our 
previous expeditions, the overall precision of our total C02 data is estimated to 
be about _+1.5 pmol/kg. The TC02 measurements listed in this report have not 
been corrected for the differences between the LDEO values and the SIO 
manometric values. 
-9- 
Table 1 - Results of Analyses for the SIO Reference Solutions 
Batch No. LDEO Coulometric SIO Manometric Difference 
TC02 (pmol/kg) TCO; (umol/kg) (pmol/kg) 
#25 2125.8 +. 1.4 (N = 23) 2127.2 _+ 1.0 (N = 9) + 1.4 
#30 1989.4 ± 0.9 (N = 40) 1988.8+_ 1.2 (N = 10) -0.6 
Fig. 3 The results of the coulometric determination of total C02 concentration 
in the SIO Certified Reference Solutions are compared with the mean value of 
the manometric measurements made at C. D. Keeling’s laboratory, Scripps 
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2-d) Total Alkalinity Measurements: 
Since the limited volume of water samples did not give us enough water 
for alkalinity titration, a new method has been developed. A sample bottle was 
opened and about 30 ml of sample was withdrawn by a syringe for the initial 
determination of TC02. The bottle was sealed again and stored. Within one or 
two hours after the initial TCOz analysis, pC02 in the stored sample was 
determined and immediately after that, TC02 was measured again. This pair of 
measurements was used to compute the total alkalinity value. Because of loss 
of C02 from water to the sample bottle head space and to the equilibration 
system, the TC02 value obtained by the second analysis is not expected to be the 
same as the initial value that represents TC02 in the ocean. However, the 
second TCOz value and its corresponding pC02 value should yield the total 
alkalinity value which should be unaffected by the loss or gain in TC02. 
The pCOz of a seawater sample was measured by the equilibration 
method described by Chipman et al. (1993). Technical details are also 
described in our technical report (Takahashi et al., 1998). Fig. 4 gives a 
schematic diagram of this system, in which two water samples may be handled 
simultaneously through two separate circulation loops. 
Our equilibration system consists of an air circulation pump (KNF Model 
N05-STP) plumbed to recirculate a carrier gas through a porous plastic gas 
disperser which is immersed in two separate seawater samples. The carrier gas 
is equilibrated with the water sample after 15 minutes of recirculation. Since 
the partial pressure of C02 is sensitively affected by temperature changes, the 
sample bottles were kept immersed in a constant temperature water bath held 
at 20.0 °C for this study. The pressure of the carrier gas is kept at the ambient 
barometric pressure using a thin long Nylon tubing "isolation coil" branching 
off the circulation system, and the barometric pressure is measured with a 
calibrated, high precision barometer. 
The analysis of the C02 in the equilibrated air or calibration gases was 
performed using a Shimadzu Mini-2 gas chromatograph equipped with a flame 
ionization detector. A one-ml sample loop and a pre-column and analytical 
column (both packed with Chromosorb 102, of 0.2 and 2.0 m lengths 
respectively) are used. Ultra-high purity hydrogen gas (electrolytically 
generated by an Aadco hydrogen generator and purified by means of diffusion 
through a palladium foil using an Aadco hydrogen purifier) serves as the carrier 
gas for the chromatographic separation of C02 from the other components of 
the air. The use of hydrogen as a carrier gas also allows the C02 to be 
converted to methane in an attached catalytic converter prior to quantification 
by the flame ionization detector. Unlike the method described by Weiss 
.11. 
Fig. 4 Schematic diagram of the pC02 equilibration-analysis system. Modified 
from Chipman et al. (1993). 
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(1981), our system uses a catalyst of ruthenium metal on Chromosorb W 
support and does not require a palladium pre-catalyst to remove oxygen from 
the carrier gas stream. Integration of the output signal from the gas 
chromatograph and control of the entire equilibration and calibration 
procedure is provided by means of a Shimadzu Chromatopac (Model C-R6A) 
computing integrator. 
The equilibrated air samples taken from the headspace of the flasks are 
saturated with water-vapor at the temperature of equilibration and had the 
same pC02 as the water sample. By injecting the air aliquot without removal of 
the water vapor, the partial pressure of C02 was determined directly using the 
relationship below (Takahashi et al., 1982-a): 
pC02 (patm) = [Cmeas (ppm)] *[Total pressure of equilibration (atm)], 
where Cmeas is the mole fraction concentration of C02 in equilibrated moist 
air. The total pressure of the equilibrated air was measured by having the head 
space in the sample bottle always at atmospheric pressure which was, in turn, 
measured with an electronic barometer at the time each equilibrated air 
sample was injected into the gas chromatograph. Since water vapor was not 
removed from the sample, it is no need to know the water vapor pressure . 
Corrections were made to account for the change in pCOz of the sample 
water due to the transfer of C02 to or from the water during equilibration with 
the recirculating air. The precision of the pC02 measurement for a single day 
has been estimated to be about % based on the reproducibility of 
replicate equilibrations. However, the day-to-day reproducibility is about _+ 
0.5%. 
2-e) Computation of the Total Alkalinity: 
The alkalinity of seawater has been computed using the observed values 
of temperature, salinity, pC02 and the concentrations of total C02, silicate, 
and phosphate. In this report, the alkalinity in seawater has been computed 
using two different sets of apparent dissociation constants for carbonic, boric, 
silicic and phosphoric acids in seawater as well as two different definitions of 
the alkalinity, which may be named "total alkalinity" and "titration alkalinity". 
For the purpose of identification, we call them "Peng et al. (1987) Method" and 
"DOE (1994) Method" respectively. These computational methods are 
described below. 
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Peng ct aL (19871 Method: 
Based upon the principle of neutrality of ionic charges, the total 
alkalinity (TALK) in seawater is defined by: 
TALK = {[Na+] + [K+] + 2[Mg+ + ] + 2[Ca+ + ] + 2[Sr+ + ] + .} 
- {[Cl ] + [Br] + 2[S04“] + [N03-] + . }. Eq.(l) 
= Ac + Ab + Asi + Ap + Aw  Eq.(2) 
where 
Ac = Carbonate alkalinity = [HC03] + 2[C03=]  Eq.(3) 
Ab = Borate alkalinity = [H2B03] . Eq.(4) 
Asi = Silicate alkalinity = [H3Si04]  Eq.(5) 
Ap = Phosphate alkalinity = [H2P04 ] + 2[HP043] + 3[P04 3] .... Eq.(6) 
Aw = Water alkalinity = [OH ] - [H+] . Eq.(7) 
The quantities in [ ] indicate the concentration of respective ionic species 
including those of charged or neutral complex ion species (for sample, 
CaHC03+ and CaCO30). In the case of [H+], it includes the [HF] and [HS04 ] 
(see Takahashi, 1982-b, and Peng et al., 1987). 
The total alkalinity is the number of anion charges needed to neutralize 
the excess cation charges of strong electrolytes (or whose concentrations do not 
depend on hydrogen ion activity) (see Eq.(l)); or it is the total number of 
cation charges required to bring anionic species of weak acids to neutrally 
charged species (see Eq. (2)). The effects of organic acids are neglected. 
The total concentration of borate (TB) has been assumed to be 
proportional to salinity: TB (pmol/kg) = 410.6 *(Sal/35). The borate alkalinity 
ranges between about 40 peq/kg for deep waters and 100 peq/kg for surface 
waters. Since the silicate concentration may be as high as 150 pmol/kg in deep 
waters, the silicate alkalinity is as high as 6 peq/kg for deep water but it is 
negligibly small for surface waters. The phosphate alkalinity ranges from 0.5 
peq/kg for surface waters to about 5 peq/kg in deep waters. The following 
solubility and apparent dissociation constants of acid in seawater were used; 
solubility of C02 gas in seawater formulated by Weiss (1974); Merhbach et al. 
(1973) for carbonic acid; Lyman (1956) for boric acid; Kester and Pytkowicz 
(1967) for phosphoric acid; Sillen and Martell (1964) for silicic acid; and 
Millero (1979) and Culberson and Pytkowicz (1973) for water. The expressions 
used to compute these constants as a function of temperature and salinity and 
the computational scheme are described in Peng et al. (1987). A copy of 
computer program used is attached in Table 2. 
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Table 2 BASIC computer program used for the calculation of the total 
alkalinity in seawater with the dissociation constants for carbonic, boric, silicic 
and phosphoric acids parameterized according to Peng et al. (1987). 
REM FILE NAME = TALK.BAS 
REM THIS IS TO COMPUTE TALK (uEQ/KG) FROM TC02 AND PC02 USING 
REM MEHRBACH K1 AND K2 FOR CARBONIC ACID, LYMAN KB FOR BORIC ACID, 
REM WEISS C02 SOLUBILITY, KESTER & PYTKOWICZ KP2 AND KP3 FOR PHOSPHORIC 
REM ACID, SILLEN & MARTEL KSI FOR SILICIC ACID, AND MILLERO S 




LINE INPUT "Enter sample number (TALK.BAS):"; SP$ 
INPUT "Enter temperature in C :Tc 
INPUT "Enter salinity in o/oo :SA 
INPUT "Enter Total C02 in umol/kg :", CT 
INPUT "Enter pC02 in uatm :", pC 
INPUT "Enter silica in umol/kg :", Si 
INPUT "Enter phosphate in umol/kg :", Po 
Tk = Tc + 273.15 
CT = CT * .000001 
pC = pC * .000001 
Si = Si * .000001 
Po = Po * .000001 
REM COMPUTE C02 SOLUBILITY IN SEAWATER IN MOLES/ATM.KG.SW 
kO = EXP(-60.2409 + 9345.17 / Tk + 23.3585 * LOG(Tk / 100) 
+ SA * (.023517 - 2.3656E-04 * Tk + 4.7036E-07 * Tk * Tk)) 
REM COMPUTE K1 AND K2 OF CARBONIC ACID IN SEAWATER 
K1 = EXP(2.302585# * (13.7201 - .031334 * Tk - 3235.76 / Tk - .000013 * SA * Tk 
+ .1032 * SQR(SA))) 
K6 = -5371.9645# - 1.671221# * Tk - .22913 * SA + 128375.28# / Tk 
+ 8.0944E-04 * Tk * SA - 2.136 * SA / Tk 
K7 = -18.3802 * LOG(SA) + 2194.3055# * LOG(Tk) + (5617.11 / Tk) * LOG(SA) 
K2 = EXP(K7 + K6 * 2.302585#) 
REM COMPUTE KB,KP2 AND KP3 
KB = EXP(2.302585# * (-9.26 + .00886 * SA + .01 * Tc)) 
K3 = EXP(-9.039 - 1450 / Tk) 
K4 = EXP(4.466 - 7276 / Tk) 
K5 = 4E-10 
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Table 2 - (Continued) 
REM COMPUTE DISSOCIATION CONSTANT FOR WATER 
KW = EXP(148.9802# -13847.26# / Tk - 23.6521 * LOG(Tk) + (-79.2447 + 3298.72 / Tk 
+ 12.0408 * LOG(Tk)) * SQR(SA) - .019813 * SA) 
REM ACTIVITY OF HYDROGEN ION IN SEAWATER BASED ON TAKAHASHI 
FORMULATION OF CULBERSON & PYTKOWICZ DATA 
FH = 1.29 - .00204 * Tk + .000461 * SA * SA - 1.48E-06 * SA * SA * Tk 
REM TOTAL BORON IS BASED ON CULKIN 
Tb = .0004106 * SA / 35 
REM COMPUTE AH USING PC02 AND TC02 
CU = kO * pC 
h = (K1 + SQR(K1 * K1 + 4 * K1 * K2 * (CT / CU 
pH = -LOG(h) / 2.30258 
1))) / (2 * (CT / CU -1)) 
REM COMPUTE TOTAL ALKALINITY 
AC = kO * pC * (K1 / h + 2 * K1 * K2 / (h * h)) 
AB = KB * Tb / (h + KB) 
ASi = K5 * Si / (h + K5) 
AP = Po * (1 / (1 + K3 / h + K3 * K4 / (h * h)) + 2 / (1 + h / K3 + K4 / h) 
+ 3 / (1 + h / K4 + h * h / (K3 * K4))) 
AW = KW * FH / h - h / FH 
AT = AC + AB + ASi + AP + AW 
CB = K1 * CU / h 
CC = K2 * CB / h 
PRINT 
PRINT "TALK (ueq/kg) = AT * 1000000! 
PRINT "H2C03 (umol/kg) = CU * 1000000! 
PRINT "HC03- (umol/kg) = “; CB * 1000000! 
PRINT "C03= (umol/kg) = CC * 1000000! 
PRINT "Carbonate Aik (ueq/kg) = AC * 1000000 
PRINT "Borate Aik (ueq/kg) = AB * 1000000 
PRINT "Silicate Aik (ueq/kg) = ASi * 1000000 
PRINT "Phosphate Aik (ueq/kg) = AP * 1000000 
PRINT "Water Aik (ueq/kg) = AW * 1000000 
PRINT USING ”K0 = + #.########~'A~ K1 = + #.########/'^"; k0, K1 
PRINT USING "K2 = + #.########^^ KB = + #.########^"/v"; K2, KB 
PRINT USING "KW = +#.########AWA fH - +#.########~~"; KW, FH 
PRINT USING “aH = + #.########~^A pH - ##.########"; h, pH 
PRINT 
INPUT "Press < ENTER > to continue"; A$ 
GOTO 100 
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DOE (19941 Method: 
The results of modern measurements of various dissociation constants of 
acids in seawater have been assembled by Dickson and Goyet in a Handbook of 
Methods for the Analysis of the Various Parameters of the Carbon Dioxide 
System in Sea Water, (DOE, 1994). On the basis of the so-called "proton 
condition" (Butler, 1964), the "titration" alkalinity has been defined by Dickson 
(1981) as the amount of acid needed to reduce the pH of seawater to 3.5. While 
it is expressed by equations identical to Eqs. (1) and (2), the definition of 
phosphate alkalinity is slightly different from Eq. (6) and is instead: 
Ap = Phosphate alkalinity = [HP04=] + 2[P043] .... Eq.(8) 
In a range of normal open ocean seawater, the values for phosphate alkalinity 
computed using Eq. (6) are greater than those computed using Eq. (8) by 2 
peq/kg or less. Therefore, the computed "total" alkalinity is generally greater 
than the "titration" alkalinity by only 2 peq/kg or less, the effects of organic 
acids are neglected. 
The "titration" alkalinity values listed in this report have been computed 
using the following sources of constants; the solubility of C02 in seawater 
formulated by Weiss (1974); the first and second dissociation constants for 
carbonic acid in seawater formulated by Dickson and Millero (1987) based on 
the results of Mehrbach et al. (1973); the first dissociation constant for boric 
acid by Dickson (1990); the first and second dissociation constants for 
phosphoric acid formulated by Millero (1974) based on the work of Kester and 
Pytkowicz (1967) and Dickson and Riley (1979); the dissociation constant for 
water by Dickson and Riley (1979); and the dissociation constant for silicic acid 
by Sjoberg et al., (1981) and Baes and Mesmer, (1977). A copy of computer 
program used is shown in Table 3. 
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Table 3 BASIC computer program used for the calculation of the total 
alkalinity in seawater with the dissociation constants for carbonic, boric, silicic 
and phosphoric acids parameterized according to DOE Handbook (1994). 
REM FILE NAME = TALK2DE4M.BAS 
REM THIS IS TO COMPUTE TALK (ueq/kg) FROM TC02 AND pC02 USING 
REM THE DISSOCIATION CONSTANTS FOR CARBONIC ACID BY MEHRBACH ET AL. 
REM (1973) FORMULATED BY DICKSON AND MILLERO (1987) USING THE SW PH 
REM SCALE; FOR BORIC ACID BY DICKSON (1990); THAT FOR WATER BY DICKSON 
REM AND RILEY (1979); THOSE FOR PHOSPHORIC AND SILICIC ACIDS ARE 
REM FROM THE DOE HANDBOOK VERSION 2.0 ARE USED. 
REM THE DEFINITION OF THE TOTAL ALKALINITY IS BY DICKSON (1981). 
REM THE SEAWATER PH SCALE IS USED THROUGHOUT THE COMPUTATION. 




LINE INPUT "Enter sample number (TALKDE4M.BAS/MBD):"; SP$ 
INPUT "Enter temperature in C :", Tc 
INPUT "Enter salinity in o/oo :", SAL 
INPUT "Enter Total C02 in umol/kg :", CT 
INPUT "Enter pC02 in uatm :", CP 
INPUT "Enter silica in umol/kg :", SIT 
INPUT "Enter phosphate in umol/kg :", PT 
TK = Tc + 273.15 
CT = CT * .000001 
CP = CP * .000001 
SIT = SIT * .000001 
PT = PT * .000001 
REM COMPUTE C02 SOLUBILITY IN SEAWATER (WEISS, 1974) IN MOLES/ATM.KG.SW 
KC01 = (.023517# - .00023656# * TK + .00000047036# * TK * TK) 
KC02 = -60.2409# + 9345.17# / TK + 23.3585# * LOG(TK / 100) 
KC0 = EXP(KC02 + SAL * KC01) 
REM COMPUTE K1 AND K2 OF CARBONIC ACID IN SEAWATER BY MEHRBACH ET AL. 
REM (1973) FORMULATED BY DICKSON AND MILLERO (1987) WITH THE SW PH 
REM SCALE IS USED. 
KC11 = .0118 * SAL - .000116 * SAL * SAL 
KC10 * 62.008 - 3670.7 / TK - 9.7944 * LOG(TK) 
KC1 = EXP(2.302585# * (KC10 + KCU)) 
KC21 - -1394.7 / TK - 4.777 + .0184 * SAL - .000118 * SAL * SAL 
KC2 = EXP(2.302585# * KC21) 
REM CONVERSION FACTOR (CPH) FROM THE (H)t SCALE TO THE SEAWATER PH 
REM SCALE 
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Table 3 - (Continued) 
REM FLT = Total Concentration of Fluorine = (HF) + (F-) 
REM SPT = TOTAL SULFATE CONC. 
SPT = .02824 * SAL / 35 
FLT = .00007 * SAL / 35 
IOS = .7223 * SAL / 35 
KHFo = EXP( 1590.2 / TK - 12.641 + 1.525 * SQR(IOS)) 
pEKS04o = (6.3451 - 647.58 / TK - .019085 * TK + .5208 * SQR(IOS)) 
KS04o = EXP(2.302585# * pEKS04o) 
KHFs = KHFo * (1 + SPT / KS04o) 
CPH = 1 + FLT / KHFs 
REM COMPUTE KB (DICKSON, 1990) 
KB14 = .053105# * SQR(SAL) * TK 
KB13 = (-24.4344# - 25.085 * SQR(SAL) - .2474 * SAL) * LOG(TK) 
KB12 = 148.0248# + 137.1942# * SOR(SAL) + 1.62142# * SAL 
KB11 - (-.0996 * SAL + 1.728 * SQR(SAL) - 77.942) * SAL - 2890.53 * SQR(SAL) 
KB = CPH * EXP((-8966.9# + KB11) / TK + KB12 + KB13 + KB14) 
REM COMPUTE DISSOCIATION CONSTANTS FOR PHOSPHORIC ACID (MILLERO, 1974) 
REM THIS IS A COMPOSITE OF KESTER & PYTKOWICZ (1967), DICKSON & RILEY 
REM (1979), AND JOHANSSON & WEDBORG (1979). 
KPll = SAL * (-.01844 - .65643 / TK) + SQR(SAL) * (.69171 - 106.736 / TK) 
KP1 = CPH * EXP(115.54 - 4576.752# / TK - 18.453 * LOG(TK) + KPll) 
KP21 = SAL * (.37335 / TK - .05778) + SQR(SAL) * (1.3566 - 160.34 / TK) 
KP2 = CPH * EXP(172.1033# - 8814.715# / TK - 27.927 * LOG(TK) + KP21) 
KP31 = SAL * (-.09984 - 44.99486# / TK) 
KP32 = SQR(SAL) * (17.27039# / TK + 2.81197#) 
KP3 = CPH * EXP(-18.126 - 3070.75 / TK + KP31 + KP32) 
REM SILICIC ACID DISSOCIATION CONSTANT (SJOBERG ET AL,1981; BAES & 
REM MESMER (1977) 
KSI1 = IOS * (IOS * (.07871 - 12.1652# / TK) + 188.74 / TK - 1.5998#) 
KSI2 = SQR(IOS) * (3.5913 - 458.79 / TK) 
KSI = CPH * EXP(117.4 - 8904.2 / TK - 19.334 * LOG(TK) + KSI1 + KSI2) 
REM COMPUTE DISSOCIATION CONSTANT FOR WATER BY DICKSON & RILEY (1979) 
REM IN THE SW PH SCALE AND IN MOLE/KG-SW. 
KW1 = -3441! / TK - 2.241 + .09415 * SQR(SAL) 
KW = EXP(2.302585# * KW1) 
REM TOTAL BORON IS BASED ON CULKIN 
BT = .0004106 * SAL / 35 
REM COMPUTE Hsw using TC02 and pC02 
CU = KC0 * CP 
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Table 3 - (Continued) 
Hsw = (KCl + SQR(KC1 * KC1 + 4 * KC1 * KC2 * (CT / CU - 1))) / (2 * (CT / CU - 1)) 
REM COMPUTE TOTAL ALKALINITY 
AB = BT / (1 + Hsw /KB) 
ASI - SIT / (1 + Hsw / KSI) 
APD = Hsw * Hsw * Hsw + KP1 * Hsw * Hsw + KP1 * KP2 * Hsw + KP1 * KP2 * KP3 
APO = PT * Hsw * Hsw * Hsw / APD 
API = PT * KP1 * Hsw * Hsw / APD 
AP2 = PT * KP1 * KP2 * Hsw / APD 
AP3 = PT * KP1 * KP2 * KP3 / APD 
AP = AP2 + 2* AP3-AP0 
AW = KW / Hsw - Hsw 
AC = KCO * CP * (KCl / Hsw + 2 * KCl * KC2 / (Hsw * Hsw)) 
AT = AC + AB + ASI + AP + AW 
CB = KCl * CU / Hsw 
CC = KC2 * CB / Hsw 
PHsw = -LOG(Hsw) / 2.30258 
Hf = Hsw / (1 + (SPT / KSO40) + (FLT / KHFs)) 
PHf » -LOG(Hf) / 2.30258 
PRINT "TALK (ueq/kg) = AT * 1000000! 
PRINT "(C02)aq (umol/kg) = CU * 1000000! 
PRINT "HC03- (umol/kg) = CB * 1000000! 
2PRINT "C03= (umol/kg) = CC * 1000000! 
PRINT "Carbonate Alkalinity (ueq/kg) = AC * 1000000 
PRINT "Borate Alkalinity (ueq/kg) = AB * 1000000 
PRINT "Silicate Alkalinity (ueq/kg) = ASI * 1000000 
PRINT "Phosphate Alkalinity (ueq/kg) = "; AP * 1000000 
PRINT "Water Alkalinity (ueq/kg) = AW * 1000000 
PRINT "pH)sw = "; PHsw, "(H)sw = "; Hsw 
PRINT 
INPUT "Press < ENTER > to continue"; A$ 
GOTO 100 
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2-f) Precision of the Alkalinity Measurements: 
As seen in the attached data tables, the alkalinity values obtained using 
the DOE (1994) scheme are consistently greater than those computed using the 
Peng et al. (1987) scheme by about 7 peq/kg. However, within each set of 
computed values, the precision of alkalinity values are estimated to be _+ 2 
ueq/kg on the basis of deep water values. 
Unfortunately, the alkalinity values for the SIO Reference Solutions by 
the acid titration method of A. G. Dickson were not available at the time when 
we made the paired pC02-TC02 measurements. Although we measured TC02 
in the Reference Solutions for comparison as discussed in Section 2-c), we did 
not make any pC02 measurement for Batches 25 and 30 of Reference Solutions. 
Therefore, our computed alkalinity values cannot be confirmed by comparison 
with the titration values. However, pCOz values in other batches of the SIO 
Reference Solutions were measured, and the total alkalinity values in these 
solutions were computed. The results are summarized in Table 4 and show that 
the computed alkalinity values using Peng et al. (1987) and DOE (1994) 
schemes are repsecitvely lower by about 3.5 and 10 peq/kg than Dickson’s 
titration values. The mean difference between Dickson’s titration values and 
those obtained by Peng et al. scheme is within two standard deviations of the 
respective measurements. 
2-g) Computation of the Apparent Oxygen Utilization: 
The Apparent Oxygen Utilization (AOU) value was computed and is 
listed in the data tables of report. The relationships between TC02 and AOU 
are explored briefly in the following section. 
The AOU value was computed by subtracting the measured oxygen 
concentration from the saturation value computed at the potential temperature 
of water and 1 atm total pressure using the following expression based on the 
data of Murray and Riley (1969): 
ln(02 in pmol/kg) = - 173.9894 + 255.5907(100/TK) + 146.4813 ln(TK/100) 
- 22.2040(TK/100) + Sal [-0.037362 + 0.016504(TK/100) 
- 0.0020564(TK/100)2], 
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3. DISTRIBUTION OF THE MEASURED PROPERTIES 
3-a) Potential Temperature-Salinity Relationships: 
Potential temperature-salinity relationships observed during the SONNE 
# 102 Cruise are shown in Fig. 5, and the major water masses present in the 
study area are identified in order to aid our understanding of the distribution of 
C02 and associate quantities in water columns. Two isopycnal lines (ae = 26.5 
and 27.0) are shown with dashed lines. 
The sea surface temperatures in the study area range from about 11°C 
near 43°S to about 21°C near 28°S (marked "Surface Waters in Fig. 5). In the 
northern portion of the study areas, the seasonal surface layer is underlain at 
about 200 meters depth by a warm saline "Subtropical Underwater" (about 
12°C, about 34.7 salinity with a sigma-0 density of about 26.5) which originates 
from coastal areas where the evaporation rate exceeds the precipitation rate. 
The signals for this saline water are stronger in the northern coastal stations, 
and are most intense at Station 3379 located at the northeastern corner of the 
study area close to the coast (see Fig. 1). The data representing Station 3379 
are circled in Fig. 5. The oxygen concentrations in this layer are very low (as 
low as 6 pmol/kg was observed at 300 meters, Station 3420), and the total C02 
values are correspondingly very high (as high as 2265 pmol/kg at Station 3382). 
Further down the water column, below about 700 meters, a low salinity 
water of a sigma-0 density of about 27 is present. This represents the Antarctic 
Intermediate Water (AAIW) with higher oxygen and lower C02 concentrations. 
Its signal increases toward southerly stations in the study area, and are weakest 
at Station 3379 located at the northeastern corner of the study area (see the 
circled data points in Fig. 5). The AAIW causes local minima in salinity, TC02 
and phosphate, and a local maximum in oxygen, which are centered around 600 
meters. 
Below the AAIW, the density increases smoothly to those value for 
Antarctic Bottom Water (AABW). Many properties are nearly constant below 
1500 meters to the bottom of the ocean about 5000 meters deep. 
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Fig. 5 Potential temperature-salinity relationships observed during the 
SONNE # 102 Cruise. The data points at Station 3379, which is located at the 
















3-b) Vertical Distribution of TC02: 
Fig. 6 shows a nested plot for the 17 depth profiles for TC02 obtained 
during this study. Each profile is offset by 50 pmol/kg. The station number and 
the TC02 value in the deepest sample are indicated at the bottom end of each 
profile. The deepest profile was observed down to about 5000 meters at Station 
3348 in the Chile Trench. Clearly observable are a) TC02 maxima centered 
around 300 meters, which coincide with the salinity maxima and oxygen minima 
b) TCOz minima centered around 600 meters, which represent AAIW. All 
profiles are superimposed in Fig. 7, in which the values obtained at Station 
3346 located near the center of the study area are circled. The deep water 
values below about 1700 meters range between 2320 pmol/kg and 2290 
pmol/kg. A broad maximum centered around 2000 meters is best visible at the 
3700 meter-deep profile at Station 3331 located at the southwestern corner of 
the study area. The TCOz maximum (2300 umol/kg) represents the core of the 
southward flowing deep water returning from the North Pacific Ocean, and this 
is undercut by the AABW which has a lower TC02 concentration of 2260 
umol/kg (Takahashi et al. 1998). The deep Chile Trench water observed at 
Station 3348 does not appear to be affected strongly by the low TCOz AABW. 
3-c) TC02 and Oxygen Relationship: 
The relationship between the TC02 and oxygen concentration are 
governed primarily by mixing between water masses as shown in Fig. 8. The 
oxygen concentration is expressed in terms of the Apparent Oxygen Utilization 
(AOU) computed using the method described in Section 2-g). The warm saline 
Subtropical Underwater (200 m - 400 m) is characterized by high AOU (i. e. 
very low oxygen concentrations) and high TC02 values, while the AAIW 
(centered around 600 meters) has lower AOU and TC02 values. Fig. 8 also 
shows that the AOU-TC02 trend observed between 1500 meters and 5000 
meters appears to be bowed with the highest TC02 values around 2500 meters. 
This non-linear relationship may be partly caused by the oxidation of high 



















































































































































































Fig. 7 Vertical distribution of TCOz in the study area. The values obtained at 
Station 3346 located near the center of the study area are circled. 
TC02 (M<mol/kg) 
Fig. 8 The relationships between TCOz and Apparent Oxygen Utilization 
(AOU) observed in the study area. 
TC02 (jrmol/kg) 
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3-d) Alkalinity and Salinity Relationship: 
The vertical distribution of alkalinity is shown in Fig. 9. The Subtropical 
Underwater exhibits minor local maxima centered around 200 meters, and 
AAIW exhibits minor local minima centered around 600 meters. Below this 
depth, the alkalinity increases smoothly to the floor of the ocean about 5000 
meters. The data (circled in Fig. 9) from Station 3331 which is located at the 
southwestern corner of the study area (see Fig. 1) show a broad alkalinity 
maximum centered around 3000 meters. This maximum is due mainly to the 
fact that high alkalinity and high TC02 waters returning from the North Pacific 
Ocean at a depth range of 2000 ~ 3000 meters are undercut by the AABW 
which contains lower alkalinity and lower TC02. The alkalinity data obtained 
at the Chile Trench (Station 3348) down to about 5000 meters indicate that the 
trench is filled mainly with North Pacific return water and does not appear to 
receive a large influx of low alkalinity AABW. 
The alkalinity-salinity plot (Fig. 10) shows that the alkalinity in the study 
area is governed primarily by mixing of water masses. The surface water trend 
may be approximated by a straight line passing through the origin (the dashed 
line in Fig. 10), indicating that the surface water alkalinity is regulated 
primarily by evaporation and precipitation of water. Close proximity of the 
Subtropical Underwater with the surface water trend support its nearby origin. 
The effects of AABW (observed at Station 3331) are clearly depicted by the 
sharp hook representing the chemical signature of AABW, i. e. higher salinity 
and lower alkalinity values. 
3-e) Alkalinity and TC02 Relationship: 
The relationships between the total alkalinity and total C02 
concentration observed during this study are shown in Fig. 11. The relationship 
is governed primarily by mixing between water masses. The data trends 
observed between AAIW (about 600 meters) and the North Pacific return water 
(3000 meters) appear to be bowed to right. This deviation from a straight line 
relationship representing mixing between two water masses indicates that C02 
was added by the oxidation of organic debris and/or by the dissolution of 
CaC03 (see the vector diagram in Fig. 11) in the water column. Since relatively 
few oxygen determinatioins are available (see Fig. 8) in this depth range, it is 
not possible to differentiate the effect of the oxidation of organic debris from 
that of the CaC03 dissolution. 
The data from southwestern stations (e. g. Station 3331) show the effect 
of the AABW. Although this trend appears to be consistent with the effect of 
CaC03 dissolution, it may be due simply to the effect of mixing, and cannot be 
uniquely attributed to the CaC03 dissolution in water columns. 
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Fig. 9 Vertical distribution of the total alkalinity in the study area. The values 
obtained at Station 3331 located at the southwestern corner of the study area 
and those obtained at Station 3379 located at the northeastern corner of the 
study area are circled. 
TALK (p,eq/kg) 
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Fig. 10 The relationships between the total alkalinity and salinity. The dashed 
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Fig. 11 The relationship between the total alkalinity and total COz 
concentration observed during this study. AAIW(N) and AAIW(S) = Antarctic 
Intermediate Water observed respectively near the northern and southern 
sectors of the study area; and AABW = Antarctic Bottom Water (the observed 
end member is indicated by an open circle). Dashed lines indicate general 
trends between water masses or within a water mass. 
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4. SUMMARY AND CONCLUSIONS 
1) During the SONNE Cruise 102, May-June, 1995, in the eastern South 
Pacific Ocean, 420 water samples were collected and shipped to the land-based 
laboratory of Lamont-Doherty Earth Observatory for determinations of total 
C02 concentration and total alkalinity. This report describes the methods used 
and lists the results of determinations of these quantities in 408 samples. 
2) The total C02 concentration (TC02) was determined by 
coulometric titration (Chipman et al., 1993) with a precision (reproducibility) 
of 1.0 pmol/kg. A comparison of our coulometric measurements with the 
manometric measurements of C. D. Keeling of the Scripps Institution of 
Oceanography for SIO Reference Solutions indicates that our results are within 
1.4 pmol/kg of the manometric values. 
3) The total alkalinity was determined by a new method. The total 
C02 concentration in a water sample was determined immediately after pC02 
was measured in a sample bottle at 20.0 °C, and these values were used to 
compute total alkalinity. Two different sets of the dissociation constants for 
carbonic, boric, phosphoric and silicic acids in seawater were used for the 
computation, and the two sets of resulting alkalinity values are presented in the 
data tables. The precision of the computed alkalinity values in each set has 
been estimated to be about _+ 2 peq/kg on the basis of deep water values. 
However, the alkalinity values computed using the dissociation constants listed 
in the DOE Handbook of Methods for Analysis of the Various Parameters of 
the Carbon Dioxide System in Sea Water (1994) are systematically smaller by 
about 7 peq/kg than those computed using the dissociation constants selected 
by Peng et al. (1987). Since alkalinity values for the SIO Certified Reference 
Solutions were not available at the time when this study was made, we did not 
measure the alkalinity for the Reference Solutions using our new method, and 
hence could not directly confirm the accuracy of our computed alkalinity 
values. However, pC02 measurements made other batches of Reference 
Solutions suggest that the alkalinity values computed by Peng et al. (1987) and 
DOE (1994) schemes are smaller by 3.5 peq/kg and 10 peq/kg respectively than 
Dickson’s titration values. The difference between Dickson’s titration values 
and Peng et al. scheme is within two standard deviations of the respective 
measurements. 
4) The distribution of the total alkalinity and TCOz concentration in 
water columns are governed primarily by mixing of major water masses which 
include the Subtropical Underwater (centered around 200 meters), AAIW 
(centered around 600 meters), North Pacific Return Water (centered around 
2500 meters) and AABW. The warm saline Subtropical Underwater has high 
-33- 
alkalinity values, which are attributable to its high salinity. This water also has 
high TC02 values caused by the oxidation of biogenic debris in the water 
column. The C02 maximum is expressed especially strongly at about 200 - 300 
meters at northern stations and is associated with a strong oxygen minimum (as 
low as 6 pmol/kg at Station 3379). The AAIW has low alkalinity, low TC02 and 
low AOU (i. e. high oxygen) values and is characterized by minima in the these 
quantities located at about 600 meters in water column. These features are 
more strongly expressed at the southwestern stations. Below this depth, 
alkalinity and TC02 changes smoothly by a small amount to the sea floor with, 
a broad, shallow maximum centered around 2000 - 3000 meters. This 
represents the North Pacific deepwater returning southward from the North 
Pacific. This maximum is strongly expressed at Station 3331 located at the 
southwestern corner of the study area as the North Pacific Return water is 
undercut by the AABW which has lower alkalinity (2365 peq/kg) and TC02 
(2260 pmol/kg) values. The effects of AABW are clearly demonstrated in the 
alkalinity-salinity relationship. However, at the Chile Trench station, Station 
3348, where measurements were made as deep as 5000 meters, the signals for 
AABW are weak in deep waters. 
5) A non-linear relationship is observed between the alkalinity and 
TC02 in waters between about 600 meters (AAIW) and 3000 meters (North 
Pacific Return water). This suggests that both of these quantities are affected 
by the dissolution of CaC03 and/or by the oxidation of organic debris occurred 
in water column. Because only a few oxygen data are available for this depth 
range, the effect of CaC03 dissolution cannot be distinguished from that of the 
oxidation of organic debris. 
-34- 
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6. DATA TABLES 
The following hydrographic and C02 chemistry data obtained at each 
station are listed in the following tables. The leg number, station number, 
positions, date of station occupation and the sea floor depth (m) are listed in 
each heading. The temperature, salinity and the concentrations of dissolved 
oxygen, phosphate, nitrate and silicate were measured by the staff of Prof. Gary 
Shaffer and Dr. Osvaldo Ulloa. 
Bot No. = 
Press dbar = 
Temp deg C = 
Pot Temp deg C = 
Salinity o/oo = 
Sigma Theta = 
Sigma 2000 = 
Sigma 4000 = 
Oxy, P04, N03, Si03 
AOU 
TC02 uM/kg 
Niskin bottle number of each sample. 
Pressure of sample in decibars. 
In situ temperature of water (°C). 
Potential temperature of water (°C) computed for the 
sea surface. 
Measured salinity (PS scale). 
Potential density (ppt) of seawater at sea surface. 
Potential density (ppt) of seawater computed at 2000 
db. 
Potential density (ppt) of seawater computed at 4000 
db. 
= Measured concentrations (pmol/kg) of oxygen, 
phosphate, nitrate and silicate dissolved in seawater. 
Apparent oxygen utilization (pmol/kg) computed for 
the potential temperature. 
The total C02 concentration (pmol/kg) dissolved in 
seawater measured using a coulometer. 
Final TCQ2pM/kg = 





TC02 (pmol/kg) in seawater samples measured 
immediately after the final measurement of pC02 at 
20°C. 
pC02 (patm) in seawater samples measured shortly 
before the final measurement of TC02. 
Total alkalinity (peq/kg) computed using the paired 
TC02 and pC02 data above with Peng et al. (1987) 
scheme. 
Titration alkalinity (peq/kg) computed using the 
paired TC02 and pC02 data above with the DOE 
(1994) scheme. 
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